G lioblastoma multiforme (GBM) is the most common primary malignancy of the central nervous system. Currently, standard GBM treatments include maximal safe surgical resection, radiation and adjuvant temozolomide (TMZ) chemotherapy 1 . The introduction of TMZ, in particular, has increased overall survival from 12.1 months to 14.6 months. Despite these approaches, overall response remains poor. Not all tumours respond to TMZ and drug efficacy varies during treatment. Elevated promoter DNA methylation of drug resistance genes has been shown to enhance TMZ response in GBM patients, by reducing the expression of these nuclear proteins in cells 2, 3 . Longitudinal testing for drug response and resistance of the tumour, however, is done infrequently because of the complexities and morbidity of performing repeat biopsies. There is thus a critical need for minimally invasive biomarkers to objectively measure response during therapeutic interventions. Prior research has shown that extracellular vesicles, including exosomes, can be readily harvested from blood for further analysis and thus represent an attractive source of tumourderived materials [4] [5] [6] .
Exosomes are membrane-bound phospholipid nanovesicles (50-200 nm in diameter) actively secreted by mammalian cells and, in particular, dividing tumour cells 7, 8 . They are abundant (410 9 vesicles ml À 1 in serum), stable and contain unique proteins and nucleic acids reflective of their cells of origin 4, 9, 10 . Beyond their size and density (which are often used for isolation), exosomes are also enriched with specific membrane markers (CD63, CD81, ALIX) 9 . Moreover, GBM-derived exosomes can be differentiated from host exosomes by epidermal growth factor receptor (EGFR) amplification and specific mutations such as EGFRvIII deletion 4, [11] [12] [13] . These identifying features enable affinity enrichment of cancer-specific exosome populations in a laboratory setting but have not been adapted to the clinic. We have previously described two nanotechnology-inspired biosensing platforms for point-of-care analysis of exosome proteins 12, 14 . These technologies were primarily developed for diagnostic rather than prognostic purposes, the focus of the current study. Given the clinical need to detect the emergence of drug resistance during therapy, we started to look for intraexosomal proteins that play key roles in drug resistance pathways 15, 16 . However, this proved challenging with previous technologies, presumably because many of these proteins are compartmentalized in the nucleus and are therefore variably partitioned into exosomes. We thus argued that the mRNA counterparts of these nuclear proteins that are translated in the cytoplasm could be more readily detected within exosomes.
In the current study, we describe a sensitive and comprehensive microfluidic platform termed immuno-magnetic exosome RNA (iMER) analysis, which enables enrichment of cancer-specific exosomes from blood and fast, on-chip analysis of their RNA contents. The iMER system integrates immunomagnetic selection, RNA collection and real-time PCR into a single microfluidic chip format. Using this technology, we compared the mRNA profiles of GBM-derived exosomes against those of their cells of origin and followed dynamic sequential changes on treatment initiation. The study identified key exosomal mRNA markers potentially predictive of TMZ resistance and showed capacity of exosomal RNA analysis for probing the epigenetic status of the primary tumour. Furthermore, we analysed clinical blood samples from patients with confirmed GBM, and showed that exosomal mRNA profiles could be correlated to treatment response, independent of the initial epigenetic status in tissue biopsy.
Results iMER platform. The iMER platform integrates three functional compartments: targeted enrichment of extracellular vesicles, on-chip RNA isolation and real-time RNA analysis (Fig. 1a) . The enrichment step immunomagnetically separates cancer exosomes from host-derived exosomes so that subsequent analyses are performed on enriched populations. The collected exosomes are then lysed, and the lysate is passed through a glass-bead filter. During this process, RNA is adsorbed onto glass beads via electrostatic interactions. RNA is subsequently eluted and reverse-transcribed for detection by quantitative polymerase chain reaction (qPCR).
We optimized the iMER assay for GBM-specific exosome analysis. To enrich for and capture GBM-derived exosomes, we functionalized magnetic microbeads (3 mm in diameter) with antibodies against EGFR (recognizing both EGFR wild-type and EGFRvIII mutation). When beads were incubated with GBMderived exosomes, the entire surface appeared densely covered (Fig. 1b) . Within these isolated vesicles, a large amount of mRNA was found, including mRNA of nuclear proteins ( Supplementary  Fig. 1 ). To streamline the downstream mRNA analysis, we prepared a microfluidic cartridge for subsequent steps (Fig. 1c) . Specifically, four key components were integrated onto the chip: (i) an immunomagnetic capture site for exosome enrichment, (ii) a filter chamber packed with glass beads for RNA isolation and elution, (iii) a reservoir for reverse transcription and preamplification of rare targets and (iv) multiple qPCR chambers for target mRNA detection. The fluidic flow was controlled through torque-activated valves 17, 18 (see Supplementary Fig. 2 for device operation and dimensions). The cartridge was loaded into a custom-designed PCR system equipped with a thermal cycler and a fluorescence detector.
Exosome enrichment and RNA analysis. We first evaluated the performance of two operations, key to accurate diagnostics: exosome enrichment and RNA isolation. Exosomes harvested from GBM cell culture (SKMG3 and GLI36vIII) were incubated with immunomagnetic microbeads. Following magnetic separation, we determined the capture efficiency by measuring the amount of target proteins in the supernatant using chemiluminescence ELISA. The iMER assay showed capture efficiencies of 493% for different targets ( Fig. 2a and Supplementary Fig. 3 ). Off-target binding was o5%, which was determined using microbeads functionalized with IgG control antibodies ( Supplementary Fig. 3 ). Western blotting on isolated exosomes via EGFR-specific capture further confirmed the capacity of the system to enrich and retrieve specific targets from a mixture of exosomes of different origins ( Fig. 2b and Supplementary Fig. 4) .
To determine the RNA isolation yield, enriched exosomes from GLI36vIII culture were lysed on chip. Lysate aliquots were then processed for RNA extraction by the iMER cartridge as well as by a commercially available column filter (Qiagen). For a given sample volume, the iMER cartridge had 50% higher isolation yield compared with the column filter ( Supplementary Fig. 5 ). This could be attributed to the iMER's high surface area of densely packed glass beads. Collected RNA retained structural integrity over a broad range of sizes (Fig. 2c) as determined by electrophoresis analysis (2,100 Bioanalyzer, Agilent). We further performed RT-qPCR analyses on iMER-extracted and columnextracted samples. The abundance of mRNA targets measured by iMER and in column-RNA using a commercial system matched well (R 2 ¼ 0.986), which indicated unbiased RNA extraction and amplification by the iMER platform (Fig. 2d) .
Combining on-chip exosome enrichment and RNA isolation, the iMER assay was able to detect specific mRNA signatures. We prepared a mock clinical sample by spiking SKMG3 exosomes (B10 8 ml À 1 ) into normal human sera. Direct mRNA profiling of the serum mixture showed poor correlation to the signatures ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7999 from pure cancer exosomes (R 2 ¼ 0.693). Conversely, with the iMER enrichment and detection, we observed excellent correlation (R 2 ¼ 0.951) between pure exosomes and serum samples (Fig. 2e ). In comparison with standard procedure, which entails hours of ultracentrifugation and RNA extraction from a large sample volume (41 ml), the entire iMER analysis (from exosome enrichment to RT-qPCR) was completed within B2 h, and required a sample volume of B100 ml for multiplexed analysis.
mRNA profiles of exosomes and parental cells. We next examined whether GBM-derived exosomes assume similar mRNA profiles to those found in their originating cells. On the basis of previous reports, three categories of mRNA targets were selected: (i) diagnostic markers-EGFR 11 , podoplanin (PDPN) 19 , ephrin type-A receptor 2 (EPHA2) 20 ; (ii) drug resistance markers-O 6 -methylguanine DNA methyltransferase (MGMT) 2 , alkylpurine-DNA-N-glycosylase (APNG) 3 , glutathione S-transferase (GSTp1) 21 , excision repair cross-complementation (ERCC1 22 and ERCC2 23, 24 ), major vault protein (MVP) 25, 26 , ATP-binding cassette/multidrug resistance-associated protein 3 (ABCC3) 27 , caspase-8 (CASP8) 28 and insulin-like growth factor binding protein 2 (IGFBP2) 29 ; and (iii) a generic exosome marker-CD63 9, 30 . A panel of human GBM cell lines and a control (normal human astrocytes; NHA) were cultured. Cellular mRNA contents were measured by conventional RT-qPCR (Fig. 3a, left) ; the corresponding exosomal mRNA were profiled by the iMER platform (Fig. 3a, right) . The mRNA profiles between cells and exosomes showed high correlation (R 2 ¼ 0.918; Supplementary Fig. 6 ).
We also compared the exosomal mRNA levels with promoter DNA methylation status in tumour cells. DNA promoter methylation of drug resistance gene (MGMT) reduces the expression of the nuclear protein in cells, and thereby enhances drug efficacy in GBM patients 2 . We reasoned that exosomal mRNA could be used as a surrogate indicator of DNA methylation status. Indeed, a high level of MGMT promoter methylation in parent cells correlated inversely with low MGMT mRNA levels in exosomes and vice versa (Fig. 3b) . We further observed a match between cellular protein expression and exosomal mRNA levels in both GBM cell lines ( Supplementary  Figs 7 and 8 ) and mouse models ( Supplementary Fig. 9 ). In mouse xenograft models of human GBM, the level of human MGMT mRNA in serum exosomes was elevated in mice bearing MGMT-positive tumour (GBM10).
Exosomal mRNA as a predictive marker for treatment efficacy. We next tested whether exosomal mRNA analysis can be used to predict treatment effects. With TMZ as the model drug, we chose to analyse mRNA for MGMT 2 and APNG 3 , key enzymes that repair drug-induced DNA damages. We first treated a panel of GBM cell lines with varying doses of TMZ. According to their dose-responses, the cell lines were broadly classified as TMZ resistant (GBM43, GBM6, LN18, GBM22, U118MG, GBM10, U128MG, LN229, T98G, LNZ308 and GBM20/3) or sensitive cells (GLI36vIII and SKMG3) (Fig. 4a, top and Supplementary  Fig. 10 ). For single marker analysis, the average exosomal levels of MGMT or APNG mRNA were higher in resistant cell lines than in sensitive ones (Fig. 4b) , although the differences were not statistically significant (P ¼ 0.34 for MGMT, P ¼ 0.11 for APNG; two-tailed t-test) due to a large overlap. Further breakdown, however, revealed combinatorial contributions to drug resistance: the levels of MGMT, APNG or both were elevated in resistant cell lines, whereas they were both negligible in sensitive ones (Fig. 4a,  bottom) .
We next examined the kinetics of MGMT/APNG mRNA changes following TMZ treatment. In TMZ-resistant cell lines, we observed fairly rapid temporal increases in exosomal mRNA levels of MGMT, APNG, or both ( Fig. 4c, left) . In sensitive cell lines, the mRNA levels decreased (Fig. 4c, right) . Surprisingly, these changes occurred within several hours of drug treatment. Exosomal mRNA changes correlated well with cellular mRNA changes ( Supplementary Fig. 11 ) and cellular promoter DNA methylation changes ( Supplementary Fig. 12 ).
Analysis of clinical samples. To test the utility of the iMER assay in measuring treatment response, we conducted a clinical feasibility study. We aimed at addressing two questions: (1) how do exosomal mRNA levels of diagnostic markers compare between GBM patients and 2) what are the changes of exosomal mRNA during the course of TMZ treatment. The exosomal levels of gene product diagnostic markers (EPHA2, EGFR and PDPN) were heterogeneous among clinical blood samples (Fig. 5a ). No detectable EGFR mRNA was found in some GBM patients (n ¼ 7) despite the fact that we used EGFR protein for GBM enrichment (see Supplementary Fig. 13 ); such discrepancies between exosomal mRNA and protein levels have been observed in other tumour studies as well 14 . The average levels of EPHA2 and EGFR were significantly higher (Po0.05; two-tailed t-test) in GBM patients (n ¼ 17) than in healthy controls (n ¼ 15); PDPN level was similar in both groups (P ¼ 0.15; Supplementary Fig. 14a ). Using a single marker alone, the iMER assay correctly identified GBM cases at the accuracies of 84.4% (EPHA2) and 78.1% (EGFR). The accuracy increased to 90% when the diagnosis was based on combined markers ( Supplementary Fig. 14b ).
We also measured exosomal MGMT mRNA in these clinical biofluids (Fig. 5b) . The mRNA levels were found to be significantly higher (Po0.0001; Tukey's multiple comparison test) in GBM patients with negative MGMT promoter DNA methylation in primary tissues (see Methods for details on tissue analysis). Conversely, the levels were similar between healthy controls and methylation-positive GBM patients (P ¼ 0.61; Tukey's multiple comparison test). These analyses support the clinical use of the iMER assay as a non-invasive alternative to measuring promoter epigenetic methylation in glioblastoma tissue-derived genomic DNA. Exosomes from EGFRvIII-positive GLI36vIII cells and negative GBM20/3 cells were mixed in 1:1 ratio ('mixture') and subjected to EGFR-specific immunomagnetic isolation. As compared with equal amounts of GLI36vIII exosomes ('positive control'), western blotting on the isolated exosomes ('enriched') confirmed the enrichment of specific targets from a mixture of exosomes of different origins. (c) Comparison of RNA extraction. iMER-extracted RNA showed better structural integrity and quality profile to that extracted by a commercially available column (Qiagen). a.u. ¼ arbitrary unit. (d) Correlation between iMER-extracted and column-extracted mRNA. The abundance of mRNA targets measured by iMER and a commercial system matched well (R 2 ¼ 0.986). All analyses were normalized against GAPDH. (e) iMER enrichment in serum. SKMG3 exosomes were spiked into normal human serum ('serum mixture'). After targeted EGFR enrichment, captured exosomes were lysed and analysed on-chip ('iMER filtered'). All measurements were performed in triplicate and the data are displayed as mean values.
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Finally, we performed serial iMER analysis for MGMT and APNG in seven GBM patients undergoing treatment. Blind to the iMER assay results, treating physicians evaluated the patients' responses based on magnetic resonance imaging (MRI) 31 and clinical neuro-oncologic metrics (for example, performance status, steroid dose changes and neurologic examination). Figure 5c and Supplementary Fig. 15 show longitudinal exosomal changes as related to clinical assessment to treatment. The initial levels of MGMT and APNG varied across patients, and neither was significantly correlated with the ultimate treatment outcome ( Supplementary Fig. 16 ). In contrast, we observed qualitative match between exosomal mRNA changes and treatment trajectories ( Fig. 5c and Supplementary Fig. 15 ). Further analysis (Fig. 5d ) indicated that mRNA changes between two adjacent time points (DMGMT and DAPNG) could be used as predictor variables for treatment outcomes (multinomial logistic regression); we, however, note the need for larger cohort study to obtain statistical significance.
Discussion
Analysis of extracellular vesicles is rapidly gaining recognition as an approach to diagnose, phenotype and prognosticate different cancers, such as GBM 1 . Although the presence of a few circulating tumour cells (CTCs) has been described in GBM patients 32, 33 , exosome and CTC analyses are complementary. Tumour-derived exosomes have the advantages that they represent the heterogeneity of the tumour, are very abundant in blood, highly stable, readily pass the blood-brain barrier and can be analysed in small volumes (100 ml) of frozen serum/plasma samples. CTCs, in contrast, are relatively rare in blood and must be analysed in much larger volumes (7 ml) of fresh blood samples. In comparison with repeat GBM biopsies, exosomes can be assayed serially in serum and also report on the entirety of the tumour. We were thus particularly interested in harnessing the potential of exosomes to measure gene products relevant for therapy response. We show that this is feasible by developing a new exosomal RNA analysis platform, iMER, based on the enrichment of EGFR/EGFRvIII exosomes, and quantifying their mRNA contents in real time. The platform carries out magnetic separation, RNA extraction and RT-qPCR amplification in a single microfluidic chip. With the iMER platform, we demonstrated (i) exosomal mRNA levels correlated well with those of the cells of origin (13 mRNA targets Â 14 cell lines, R 2 ¼ 0.918, Fig. 3a) ; (ii) MGMT and APNG mRNA can be reliably detected in patient biofluids; and (iii) serial measurements can be correlated to clinical response to temozolomide.
Previous research in our laboratory had focused on protein analysis of exosomes. For example, we have developed technologies to sensitively phenotype the protein contents of tumour exosomes by miniaturized nuclear magnetic resonance 12 and by surface plasmon resonance 14 methods and use these approaches for diagnostic purposes. On the basis of these protein measurements in additional patient cohorts ( Supplementary  Fig. 15 ) we developed the EGFR-based exosome enrichment method used in this study. However, what had remained more difficult was the analysis of intravesicular cargo such as nuclear proteins. While many nuclear targets play significant roles in conferring drug resistance, these proteins are variably partitioned into exosomes, presumably because of their primarily nuclear localization in cells. We thus argued that the mRNA counterparts of these nuclear targets, which are translated in the cytoplasm, could be more readily detected within exosomes. Here, we used an immunomagnetic bead approach to capture specific cancer exosomes before measurements. By optimizing the fluidic design GBM43  GBM6  LN18  GBM10  U138MG  GBM20/3  SKMG3  T98G  U118MG  GBM22  LN229  LNZ308  GLI36vIII   LNZ308  GLI36vIII  SKMG3  GBM20/3  T98G  U138MG  LN229  LN18  U118  GBM6  GBM10  GBM22  GBM43  NHA  GSTπ1  GSTπ1  MGMT  APNG  ERCC1  ERCC2  MVP  ABCC3  CASP8  IGFBP2  CD63  EGFR  PDPN  EpHA2   LNZ308  GLI36vIII  SKMG3  GBM20/3  T98G  U138MG  LN229  LN18  U118  GBM6  GBM10  GBM22  GBM43  NHA   10 ARTICLE and assay protocols of iMER, we achieved high yields both in exosome separation (493%) and RNA extraction (150% as compared with commercial kit), thus accomplishing sensitive measurements of many mRNA targets for nuclear-localized proteins. For example, we showed that exosomal MGMT mRNA levels correlate with MGMT DNA promoter methylation status as a read-out of epigenetic silencing. The ability to monitor temozolomide resistance in biofluids is particularly important for adjusting treatments. In a specific patient example (patient #2 in Fig. 5c ), TMZ resistance was circumvented by switching to another drug regimen (Bevacizumab/Avastin) to achieve better clinical outcomes.
The developed technology has a number of advantages but some challenges remain. Advantages include the simplicity, miniaturized on-chip processing (improving efficacy and eliminating sources of material loss), sensitivity, rapid turnaround time for analysis (B2 h for complete analysis) and minimal sample volume requirement (B100 ml of serum for multiplexed measurements). We envision further enhancing the technology. For example, the current PCR fluidics (four chambers) could be readily revised to accommodate more and smaller chambers; such a new design would enable higher-throughout and array-type multiplexed detection. Moreover, by using a cocktail of markers for immunomagnetic capture, the system could be expanded to enrich exosomes from highly heterogeneous and variable cancer subtypes. Combining iMER detection with exosomal protein analysis is another promising direction, which will provide more comprehensive snapshots of the tumour and improve mechanistic insights on potential translation of mRNA in recipient cells and regulation of protein translation. We have already developed fluidic-based platforms for exosomal protein analyses 12, 14 ; these platforms could be used to measure cancer-specific exosomes based on their protein markers, before target exosome lysis and iMER assays. Furthermore, in the current study we enriched for EGFR/EGFRvIII and used EGFR protein levels to identify tumour exosomes. However, for a general population of GBM patients, one could use other suitable markers for enhancing the detection of different tumour types. Ultimately, a panel, multiplexed approach will likely be the best strategy to sample from a variety of different GBM genetic backgrounds. Finally, the current study represents a feasibility study and requires future validation in larger cohorts.
The clinical implications of the developed technology are potentially broad. Efficient therapy assessment is still often a 'black box' in the clinic due to a lack of sufficiently sensitive readouts. Advanced imaging is certainly the current gold standard for brain tumours, but has also been shown to be a late-stage read-out and can be ambiguous in patients who had multiple operations, radiation therapy and are undergoing experimental treatments 1 . One of the key questions is how best to titrate temozolomide treatment for maximum efficiency and/or to choose alternative treatments in case of resistance. We believe that the described analysis of exosomal mRNA for MGMT and APNG represents one such approach. In addition, current measurements could be readily extended to include other resistance genes and/or read-outs of drug therapy in large cohorts in perspective trials. The resulting large data sets could then be critically analysed to validate the clinical utility of iMER. GBM43  GBM6  LN18  GBM22  U118MG  GBM10  U128MG  LN229  T98G  LNZ308  GBM20/ Finally, we originally developed the iMER technology for prognostic applications but it could be adapted for diagnostics, for example, to differentiate between different types of lesions detected on MRI scan (for example, brain abscess versus brain tumour). The predictive value of a positive exosome test could be quite high, if used in conjunction with an adjunctive test such as MRI. In this scenario, we conceive that patients with MRI scans and a clinical scenario highly suggestive of a brain tumour could receive a potentially confirmatory exosome test for genetic alterations consistent with tumour, which would obviate or reduce the need for biopsy in a population of glioblastoma patients. One could conceive that such diagnostic utility could also be extended to determine the genetic subtype of GBM, and hence a prediction of optimal treatment options and prognosis.
Methods
Cell culture. All human glioblastoma multiforme (GBM) cell lines were cultured in Dulbecco's modified essential medium (DMEM, Cellgro) containing 10% fetal bovine serum (FBS, Cellgro) and supplemented with penicillin-streptomycin (Cellgro). T98G, U138MG, LN229, LN18, U118 were obtained from American Type Culture Collection (ATCC). LNZ308 was provided by Dr Mikael Pittet, Massachusetts General Hospital (MGH). GLI36vIII (over-expressing human EGFRvIII) and GBM20/3 were generated from primary GBM samples 4 , SKMG3 was provided by Dr Timothy Chan, Memorial Sloan-Kettering Cancer Center. GBM6, GBM10, GBM22 and GBM43 were provided by Dr Alan Charest, Tufts University. Normal human astrocytes (NHA, Lonza) were cultured in astrocyte basal medium supplemented with SingleQuots, as recommended by the manufacturer. All cell lines were tested and free of mycoplasma contamination (MycoAlert Mycoplasma Detection Kit, Lonza, LT07-418).
Exosome isolation. Cells at passage 1-15 were cultured in exosome-free medium (containing 5% exosome-depleted FBS) for 48 h. Conditioned medium from B10 7 cells was collected, filtered through a 0.8-mm filter (Millipore) and concentrated (16,500 g for 20 min and 110,000 g for 70 min) 4, 34 . For exosome isolation from clinical samples, human sera were obtained from venipuncture and used unpooled. Whole-blood samples were collected in non-citrated vacutainer tubes (Becton Dickinson) from both GBM patients and healthy donors under Institutional Review Board approved protocols and utilizing standard operating procedures. Sera were processed following clot formation for 30 min. After brief centrifugation (1,100 g for 10 min), sera were sterile-filtered through a 0.8-mm filter (Millipore) and frozen at -80°C within 2 h of collection. Thawed samples were used unidentified and directly for target-specific exosome isolation as described below. For measurement of exosome size distribution and concentration, we used the nanoparticle tracking analysis (NTA) system (LM10, Nanosight). For optimal counting, exosome concentrations were adjusted to obtain B50 exosomes in the field of view and all NTA measurements were performed with identical experiment settings for consistency.
Fabrication of microfluidic device. The microfluidic cartridge was fabricated by stacking two layers of polydimethylsiloxane (PDMS; Dow Corning) on a glass slide (25 mm Â 75 mm). Cast moulds (50 mm thickness) were prepared by patterning epoxy-based SU8-3050 photoresist (Microchem) on silicon wafers via conventional photolithography. Microchannels and site-locators for torque-actuated valves were then replicated by pouring uncured PDMS to the cast molds (1 mm thickness). After curing the bottom PDMS layer, 8 bolt-nut pairs (#4-40) were aligned and glued on the bottom layer with uncured PDMS. Once the bolt-nut pairs were bonded to the layer, uncured PDMS polymer was poured over the assembly, forming the second layer (final thickness, 3 mm). After polymer curing, inlets, outlets and reservoirs were punched out. The maximum reservoir volume was 60 ml. The assembled PDMS pieces were bonded irreversibly to a glass slide.
Device preparation. Before operating the microfluidic device for immunomagnetic capture and RNA extraction, silica beads (20 mm, Thermo Scientific) were introduced for subsequent RNA isolation. To confine and densely pack the beads within the main RNA extraction chamber, weir-shaped physical barriers 35 were implemented at three boundaries around the chamber, with the exception of the bead inlet. The entire device was then flushed with cycles of RNaseZap (Life Technologies), RNase-free water (Life Technologies) and ethanol (Sigma), before being dried under vacuum. 
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Immunomagnetic capture. Capturing antibodies were conjugated onto magnetic beads for target-specific exosome isolation. In brief, targeting antibodies against EGFR and EGFRvIII (Cetuximab, Bristol-Myers Squibb), CD63 (clone H5C6, BD Biosciences) or respective IgG isotype control antibodies (Biolegend) were biotinylated (Thermo Scientific) at room temperature for 1 h and buffer-exchanged using Zeba desalting columns (Thermo Scientific). Excess antibodies were then incubated with neutravidin-coated magnetic polystyrene particles (3 mm, Spherotech) at room temperature before repeated magnetic pull-down purification. Exosome-containing solutions, either concentrated from cell culture conditioned media or thawed sera, were then incubated with immunomagnetic particles for 15 min at room temperature.
Enzyme-linked immunosorbant assay. Exosomes were adsorbed onto ELISA plates (Thermo Scientific) and blocked in PBS containing 1% bovine serum albumin (BSA, Sigma) for ELISA measurements. For determination of immunomagnetic capture efficiency, exosomes in the original mixture and post-capture supernatant were adsorbed as previously described. After washing, antibodies (1 mg ml À 1 ) were added in blocking solution and incubated for 2 h at room temperature. Following incubation with horseradish peroxidase-conjugated secondary antibody (Thermo Scientific), chemiluminescence signals were determined (Safire, Tecan).
Western blotting analysis. Exosomes were lysed in radio-immunoprecipitation assay buffer containing protease inhibitors (Thermo Scientific) and protein concentration quantified using the bicinchoninic acid assay (BCA assay, Thermo Scientific). Protein lysates were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto polyvinylidene fluoride membranes (PVDF, Invitrogen) and immunoblotted with antibodies against EGFR (D38B1, Cell Signaling), CD63 (sc-5275, Santa Cruz), MGMT (MT3.1, EMD/ Millipore), APNG (sc-101237, Santa Cruz) and GAPDH (14C10, Cell Signaling). All antibodies were used at 1,000-fold dilution (Cell Signaling) or at a concentration of 1 mg ml À 1 (Santa Cruz and EMD/Millipore). Following incubation with a horseradish peroxidase-conjugated secondary antibody (Cell Signaling), chemiluminescence was used for immunodetection (Thermo Scientific). Full images are presented in Supplementary Figs 4 and 8.
Scanning electron microscopy. All samples were fixed with half-strength Karnovsky's fixative and washed twice with PBS. After dehydration in a series of increasing ethanol concentrations, samples were transferred for critical drying (Samdri, Tousimis) and subsequently coated with platinum/palladium using a sputter coater (208HR, Cressington Scientific Instruments), before imaging with a scanning electron microscope (Supra55VP, Carl Zeiss).
RNA extraction and quantification. Captured exosomes were lysed in 40 ml of guanidine-containing buffer (Qiagen) with 70% ethanol (Sigma). For on-chip RNA extraction, the sample was flown through the RNA extraction chamber at 0.5 ml h À 1 , where RNA binds to densely packed silica beads (20 mm, Fisher Scientific). Subsequent flushing with 40 ml of wash buffer containing DNase I (Qiagen) and 40 ml of ethanol at 0.5 ml h À 1 was used to remove traces of DNA and contaminants. Finally, RNA was eluted in 10 ml of DEPC-treated water (Life Technologies). For comparison of RNA extraction yield and quality, aliquots of the same exosome lysate were processed, respectively, by the iMER platform and a commercially available kit (RNeasy Micro, Qiagen), per manufacturer's protocol. Extracted RNA samples were quantified with Nanodrop spectrophotometer (Thermo Scientific) and evaluated with 2100 Bioanalyzer (Agilent) using a RNA 6000 Pico Chip. Promoter methylation sequencing. Genomic DNA was extracted from GBM cell culture after cell lysis and proteinase K digestion (Qiagen). Purified DNA was quantified with Nanodrop spectrophotometer (Thermo Scientific). One microgram of genomic DNA was subjected to bisulfite conversion with the EpiTect bisulfite kit (Qiagen) according to the manufacturer's instructions, where cytosines are converted to uracil while 5-methylcytosines remain inert. For MGMT promoter amplification, the following primers were used: MGMT-Bis forward (5 0 -GGATAT GTTGGGATAGTT-3 0 ), and MGMT-Bis reverse (5 0 -AAACTAAACAACACCT AAA-3 0 ). PCR was performed with initial denaturation, followed by 38 cycles of 94°C for 1 min, 47.5°C for 1 min and 72°C for 1 min. For APNG promoter amplification, the following primers were used: APNG-Bis forward (5 0 -GTTGGG AAGAGGATTTATTTTTA-3 0 ), and APNG-Bis reverse (5 0 -TTAACCTATACTCT AACTCTACCCC-3 0 ). The initial denaturation was followed by 38 cycles of 94°C for 1 min, 52°C for 1 min and 72°C for 1 min. PCR products were resolved on a 1.8% agarose gel and specific bands were excised with a clean razor blade and purified with the QIAquick gel extraction system (Qiagen). Isolated PCR products were cloned using the TOPO TA cloning system (Invitrogen) and at least 12 clones per target sample were sequenced with Taq DyeDeoxy Terminator cycle sequencing (Applied Biosystems). After cycle sequencing and clean up, the DNA samples were resolved by capillary electrophoresis on an ABI 3730XL DNA analyser to translate the fluorescence signals into their corresponding base pair sequence for promoter methylation analysis. The extent of methylation was determined by calculating the percentage of unconverted cytosine (methylated-C) for specific CpG islands in the DNA promoter sequence.
In vitro drug treatment. TMZ (Temodar, Schering Plough) was used to investigate the effects of GBM drug treatment. To determine the effective dose (ED 50 ) of the drug, cells were seeded at a density of 2,000 cells per well in a 96-well plate overnight, and treated with the drug (TMZ) or vehicle (final concentration of 0.1% DMSO) for 4 days. Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) cell proliferation assay (Promega). For cellular and exosome analyses of drug effects, GBM cells were given a dosage of TMZ below their respective ED 50 concentrations (B10% ED 50 ) before subsequent promoter methylation sequencing and mRNA analyses.
Mouse model. All animal procedures were performed according to guidelines issued by the Committee of Animal Care of Massachusetts General Hospital. Human GBM cells GLI36vIII and GBM10, determined to be methylated and unmethylated at MGMT promoter with bisulfite sequencing, as described above, were implanted (1 Â 10 6 cells) into the flanks of 6-week-old, female immunodeficient nu/nu mice (Charles River Laboratories). Xenograft tumours were allowed to grow for 2 weeks before animal sacrifice. Sera were collected via terminal cardiac puncture and processed for exosome analysis, as described above.
Immunohistochemistry. Tumour implants were excised from euthanized mice and flash-frozen in a chilled isopentane bath on dry ice. Frozen sections (6 mm) were prepared and stored at À 80°C until staining was performed. Sections were blocked using 4% normal goat serum in PBS for 30 min before incubation with an anti-MGMT antibody (EPR4397, Abcam) at 4°C overnight. The following day, sections were incubated with biotinylated anti-rabbit IgG (BA1000, Vector Laboratories) for 30 min at room temperature. VECTASTAIN ABC kit (Vector Laboratories) and AEC substrate (Dako) were used for colour development. All sections were counterstained with Harris hematoxylin (Sigma) and slides were scanned using a digital scanner (Nanozoomer 2.0RS, Hamamatsu).
Statistical analysis. All measurements were performed in triplicate and the data are displayed as mean±s.d. For clinical samples, the measured mRNA levels (EPHA2, EGFR and PDPN) were analysed via logistic regression, using the disease state as a dichotomous outcome. A classification table that summarized the validity of predicted probabilities ( Supplementary Fig. 14b ) was constructed using standard formulas for diagnostic metrics (that is, sensitivity, specificity, accuracy), and receiver operation characteristic (ROC) curves were generated from the predicted probabilities. We used the R package (version 3.1.1) for ROC curve analyses. In evaluating the measured exosomal mRNA levels against tissue methylation in clinical samples, Tukey's multiple comparison test was employed and a Po0.05 was considered statistically significant. All other comparisons were performed with unpaired two-tailed t-test, and Po0.05 was considered statistically significant.
